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Abstract

In the case of a hypothetical failure of a residual heat removal (RHR) systems under
mid-loop operation, vapor generated in a reactor core forms two-phase flow in a stag-
nant liquid and rises the water level in the core. The vapor flows into a steam generator
through a hot leg, and condenses in the steam generator. Since the flow rate of vapor
from the reactor core to the hot leg depends on the water level and the void fraction
a in the reactor core, the reliable analysis of the RHR failure cannot be carried out
without accurately estimating the void fraction in the reactor core. Although a number
of studies on void fractions in two-phase flows in rod bundles have been carried out,
there are few experimental data on void fractions in rod bundles under the stagnant
condition. Void fractions in four by four rod bundles under the stagnant condition were
measured for a wide range of gas volume fluxes to examine the validity of available
void correlations. Flow patterns were visualized by using a high-speed video camera
to examine the effects of flow pattern on the void fraction. As a result, the following
conclusions were obtained: (1) Dependence of the void fraction on the gas volume flux
Ji changed at J; =1.5 m/s due to the flow pattern transition. (2) Murase’s correlation
agreed well with the void fraction in the two kinds of rod bundles having different
dimensions under the stagnant condition.

Key words : Gas-Liquid Two-Phase Flow, Nuclear Reactor, PWR, Void Fraction, Rod
Bundle, Stagnant Condition

1. Introduction

During a PWR plant outage for maintenance or refueling, the level of the primary coolant
must be kept at the center of a hot leg and the reactor coolant is cooled by residual heat re-
moval (RHR) systems. This operation is called “mid-loop operation”. If a hypothetical failure
of the RHR system occurs during the mid-loop operation, there is a possibility of water boil-
ing and core exposure. In this case, the vapor generated in the reactor core forms two-phase
flow in a stagnant liquid and rises the water level in the reactor core. The vapor flows into
a steam generator through the hot leg, and condenses in the steam generator. Since the con-
densed water flows back to the reactor core, counter-current two-phase flow is formed in the
hot leg. This process is the so-called reflux cooling. Minami et al.)) carried out experiments
on counter-current gas-liquid two-phase flows in a hot-leg, and they pointed out that char-
acteristics of counter-current flow depend on the water level and void fraction in the reactor
core. Hence, an accurate estimation of the void fraction in the core is required to improve the
reliability of the RHR failure analysis®> . Although a number of studies on void fractions
in two-phase flows in rod bundles have been carried out™®: ), there are few experimental data
on void fractions in rod bundles under a stagnant condition®- (.
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_ 7 1 There are several correlations for void fraction in stagnant liquid. Kataoka and Ishii
" ® proposed a void correlation for two-phase flow in a pool based on the drift flux model.
11 ] However, its applicability to rod bundle geometry has not been tested yet due to the lack of
' experimental data. Murase et al.”) proposed a void correlation, which is applicable not only
to pipe flows but also to flows in a rod bundle geometry. They confirmed its applicability to
low gas volume flux conditions only.
In this study, void fractions in four by four rod bundles under the stagnant condition are
measured for a wide range of gas volume fluxes to examine the validity of the available void
i 111 correlations. Flow patterns are visualized by using a high-speed video camera to examine the
: 11 1 effects of flow pattern on the void fraction.
i 11 Nomenclature
11 ' Co :  distribution parameter
_! l Dy . hydraulic diameter [m]
1 | ; D* : dimensionless hydraulic diameter
EF !I . i f g : acceleration of gravity [m/s?]
H ; : . J : volume flux [m/s]
i ﬁ 114 J* : dimensionless volume flux
f 1 F ¥ 1 T : time [s]
| { 1 11} | \% . velocity [m/s]
P i Vi : drift velocity [m/s]
a :  volume fraction
AP :  pressure drop [Pa]
o :  density [kg/m?]
o . surface tension [N/m]
Subscripts
G :  gas phase
L :  liquid phase

2. Experimental Apparatus and Method

Figuresl and 2 show schematics of the experimental apparatus and the cross-section of
the test section. The experimental apparatus consists of the test section, the upper tank and
the lower tank. The test section consists of the channel box and sixteen rods positioned by
the upper and lower tieplates (see Figs. A and B in Appendix). The channel box was made
of acrylic resin to observe flow patterns in the rod bundle. The rod diameter and the rod
pitch were 10 and 12.3 mm, respectively. These values were determined by referring to the
geometry of a typical PWR fuel assembly. The hydraulic diameter Dy, of the test section was
9.0 mm. Air and tap water at atmospheric pressure and room temperature were used for the
gas and liquid phases, respectively. Air was supplied from the compressor (Hitach, Oil free
compressor, SRL-11) and injected into stagnant water through the diffuser plate in the lower
tank. The diffuser plate was made of a porous media (thickness: 4 mm) and bubbles were
injected from the plate. The gas volume flux J; was varied from 0.03 to 8.0 m/s to cover a
wide range of void fractions @. The uncertainty in measured J; estimated at 95% confidence
was less than 7.0 %.

Instantaneous pressure drops, AP(¢), in the section L3 in Fig. 1 were measured by using
differential pressure transducers (Nidec Copal Electronics Co., PA-100 500D-W). Here, ¢ is
the time. The signals from the pressure transducers were recorded by using a digital recorder
(Yokogawa, WE-7000). The pressure drops were measured simultaneously at the four sides
of the channel box. The sampling frequency was 200 Hz. The time-averaged pressure drops
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AP was calculated by

!
AP = fOT AP()dt )

Upper Tieplate
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Tank | [——JHF -
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Fig. 1 Experimental apparatus
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Fig. 2 Cross section of the rod bundle

Rod

where T is the time scale for averaging. Figure 3 shows a relationship between 7" and AP.
Since AP became constant for 7 > 100 seconds, pressure drops were measured for more than
250 seconds to obtain accurate time-averaged pressure drops AP.

317
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i{ J The void fraction @ and the phase-averaged gas velocity Vi were evaluated from the
" ! pressure drops AP by using the following equations:

AP

i

S 2
(oL — pc)gL @

a=1

Vg = 26 3)
(04

where p is the density, g the acceleration of gravity, L the length of the section L3 and the
subscripts G and L denote the gas and liquid phases, respectively.

Flow in the test section was visualized by using a high-speed camera (Redlake, Motion-
Pro HS-1). The flow pattern was judged from the recorded movies.

i . 'O Jg=0.03 m/s
{ 14 A Jg=0.42 m/s
a 1114 O Js=3.29 m/s
H ] 6 R . X Jg=7.46m/s
-! | T = = ™ ~ O
| 114 &
| | X,
1 | '|:4 A =
f o
1 <
! O o G S—
G . N S .
0 100 200 300 400 500
TIs]

Fig. 3 Effect of the time scale 7 on the time-averaged pressure drop AP

3. Result and Discussion

3.1. Flow pattern

Figure 4 shows flow patterns in the rod bundle. Flow patterns were classified into six
regimes shown in Tablel based on the authors’ previous study!?). The flow is bubbly at low
Ji as shown in Fig. 4(a). As Jg increases, large bubbles are generated as shown in Fig.
4(b) (regime of transition from bubbly to churn A). As Js further increases, the flow pattern
changes to churn flow (Fig. 4(c), (d), (e)). In the churn flow, two kinds of flow patterns
appear. As shown in Fig. 4(c), when the gas flow rate is not so large, there are no large
bubbles covering most of the cross section. At high Jg, large bubbles covering most of the
cross section sometimes appear as shown in Fig. 4(e). We call the former flow pattern (Fig.
4(c)) "churn A” and the latter flow pattern (Fig. 4(e)) “churn B”. Though the former could be
called either ”slug flow” or ”churn flow”, we refer it as to “churn A” because Taylor bubbles,
which characterize slug flow, were not present. Further increase in Jg induces the transition
to annular flow (Fig. 4 (f)).

Flow patterns are summarized in Fig. 5. The transition from bubbly to churn occurs at
Je = 0.1 m/s, the transition from churn A to churn B takes place at J; = 1.5 m/s, and the
transition from churn to churn to annular occurs at J5 = 6.0 m/s.

3.2. Void fraction

Figure 6 shows measured mean pressure drops at the four sides. There is no difference
in AP among the four sides. The void fraction « and phase-averaged gas velocity Vs were,
therefore, calculated by using the arithmetic mean of the four pressure drops.

Figures 7 (a) and (b) show « and Vg, respectively. The void fraction « increases with
Ji. Although the gradient of « decreases with increasing Js for J5 < 1.5 m/s, it increases at




R =

Vol.4, No.2, 2010

Table 1 Definition of flow patterns

Flow pattern Definition
1 Bubbly Flow with small bubbles
| Bubbly to churn A Formation of large bubbles whose vertical lengths are longer than
2DW
Churn A Highly agitated intermittent flow with many large distorted bubbles

which induce downward flows in their circumferences

Churn A to churn B | Transition from churn A to churn B

B e - e ot
N T L T N T, T

b SRR B § R (T T

Churn B Highly agitated flow with huge gas lumps covering most of the
cross-section

Churn to annular Annular flow in the center region of the bundle and churn flow in the
peripheral region
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(a) Bubbly (b) Bubbly to churn A (c) Churn A
(Jg =0.03 m/s) (Jg = 0.06 m/s) (Jg =0.42 m/s)

(d) Churn A to churn B (e) Churn B (f) Churn B to annular
(Jg = 1.34 m/s) (Jg = 2.85 m/s) (Jo = 8.85 m/s)

Fig. 4 Flow patterns
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Fig.5 Flow pattern map
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Je = 1.5 m/s and decreases again with increasing Jg. The phase-averaged gas velocity Vg
increases with Jg, and its gradient also changes at Jg = 1.5 m/s. By dividing the data into two
groups at Jg = 1.5 m/s, a and V; are well correlated by using the drift-flux model!V:

Jo

“= CoJg + Vg

Vo = Codg + Vgy

| ! | |
O Side 1
A Side 2 7
O Side 3 E
X Side 4 _
- B g ]
1 8 B .
! B g a |
L | L | L | | L
0O 2 4 6 10
Jg [m/s]
Fig. 6 Differential pressures on four sides
1 T T T T
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L 2
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3
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g ® Bubbly-chum A
¢ Churn A
0.2 ¥ Churn A-churn B 4
4 ChunB
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OO 2 4 6 8
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10 ! | ! | |
= === VG=1 44JG+058
gl Ve=0.96J5+1.32
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E
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® Bubbly-churn A
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C0 2 4 6 8
Jg [m/s]
(b) Gas velocity

Fig. 7 Void fraction and gas velocity
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where Cj is the distribution parameter and Vg, the drift velocity. The values of Cy and Vg,
in the regression lines in Fig. 7(b) are 1.44 and 0.58 m/s for J; < 1.5 m/s, and 0.96 and 1.32
m/s for Jg > 1.5 m/s. The gradient Cy for J; > 1.5 m/s is smaller than that for J5 < 1.5 m/s.
The correlation coefficients between the lines and data are 0.988 and 0.998 for J; < 1.5 m/s
and Jg > 1.5 m/s, respectively. This decrease is due to the flow pattern transition, that is, the
formation of large bubbles, which block the cross-section. Note that the values of Cy and Vg,
for Jg > 1.5 m/s are close to those for annular pipe flow (Cy = 1.0, Vg = 0.7 ~ 1.7 m/s)1?),
Kataoka and Ishii® proposed correlations of Cy and Vg, for gas-liquid two-phase flow

in a pool:
Co=12-02 [ (6)
PL
(01~ p6) !
o Ves = 51( g Lz ,OG) @
P

where o is the surface tension and V., is given by

-0.157
Vé] — 0‘009D*04809 (IZ_G) N;0.562 (8)
L

0.2 A Measured .
—— Murase's correlation
= == Kataoka-Ishii's correlation

C L | L | L | L |

0 2 4 6 8 10
Jg [m/s]
(a) Void fraction
10

8l i
7 6f .
£
2 4 -

2 A Measured -

—— Murase's correlation

- - - Kataoka-Ishii's correlation |
| L | L |

0o 2 4 6 8 10
Jg [m/s]
(b) Gas velocity

Fig. 8 Comparison among measured data, Kataoka-Ishii’s correlation and Murase’s
correlation
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Ny=—F— )

1
2
o
(pl‘a- goL—pc) )

where p is the viscosity and D* is the dimensionless hydraulic diameter defined by

D" = Dy /M (10)

Murase et al.) proposed a void correlation for gas-liquid two-phase flows in rod bundles:

@ =0.037Y"%® ¢ <033 (11)
1 —a' =exp(-0.061Y) 033 <a (12)
where
1T
Y=13pamy (13

where Jg* is the dimensionless gas volume flux defined by

1

JL=J [L]A (14)
6= "N go (oL - po)

Figure 8 shows comparisons between the above correlations and the measured data. The
phase-averaged gas velocity Vg in Fig. 8 (b) was calculated as V; = Jg/a. Kataoka and Ishii’s
correlation does not agree with the measured data. This might be because it was developed
for two-phase flow in a pool, which does not include fuel rods. On the other hand, Murase’s
correlation gives a good prediction for the whole range of void fraction.

3.3. Other bundle geometry

Void fractions in the rod bundle shown Fig. 1 were well predicted by using Murase’s
correlation. Then, pressure drops in another bundle was measured to examine whether or not
Murase’s correlations is applicable to another bundle having different dimensions. The sizes
of the two bundles tested are summarized in Table 2. Hereafter, the two bundles are called
“bundle A” (Dy= 9.0 mm) and "bundle B” (Dy, = 12.7 mm), respectively. The former is the
bundle shown in Figs. 1 and 2. The geometry of the latter bundle was determined by referring
to the geometry of a typical BWR fuel assembly. As shown in Fig. 9, Murase’s correlation
agrees well with the measured data not only for the bundle A (see Fig. 8) but also for the
bundle B.

Table 2 The dimensions of the test sections (unit mm)

Bundle L1 LZ L3 L4 L5 L6 D R DW

A 1200 450 400 3.5 123 539 100 85 90

B 1400 760 400 4.0 160 68.0 12.0 10.0 12.7
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0. O Measured
—— Murase's correlation
L | L | L | L | L
C0 2 4 6 8 10
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(a) Void fraction
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ok i
O Measured
—— Murase's correlation ]
0 L | | L | L | L
0 2 4 6 8 10
Jg [m/s]
(b) Gas velocity

Fig. 9 Comparison between measured data in bundle B and Murase’s correlation

Murse’s correlation consists of two equations; Eq. (11) for @ < 0.33 and Eq. (12) a >
0.33. As shown in Fig. 10, the difference between the void fractions evaluated by Eqgs. (11)
and (12) is negligible for @ < 0.33. That is, the void fraction can be accurately evaluated by
using Eq. (12) only for the whole range of @. Note that @ does not change so much between
the bundles A and B, whereas Dy of the bundle B is by 40 % larger than that of the bundle A.
Murase’s correlation successfully represents this weak dependence of @ on Dyy.

Figure 11 shows comparison between the measured void fractions and Murase’s cor-
relation (Eq. (12)). Although the void fraction widely ranges from 15 to 90 %, Murase’s
correlation can predict @ within about + 10 % for the two bundles.

4. Conclusion

Void fractions in the four by four rod bundles under stagnant conditions were measured
to examine the applicability of available void correlations. Flow patterns were also observed
by using a high-speed video camera to examine the relation between flow patterns and the
void fraction. As a result, the following conclusions were obtained:

( 1 ) Dependence of the void fraction @ on the volumetric flux J; changed when J; was
large enough to cause the formation of large bubbles, which occupy most of the cross-
section of the bundle.

( 2 ) Murase’s correlation for @ > 0.33 well predicted the void fraction in the two kind of
rod bundles having different dimensions under the stagnant condition.
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A Measured
0.2 ----Eq. (11) 1
—Eq. (12)
o L | L | L | L | L
0 2 4 6 8 10
Jg [m/s]
(a) Bundle A
1 | | | |

O Measured
0. ----Eq. (11) 1
—Eq. (12)
L | L | L | L |
CO 2 4 6 8 10
Jg [m/s]
(b) Bundle B

Fig. 10  Void fractions evaluated by using Eqs. (11) and (12)
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Fig. 11 Comparison between measured data and estimation based on Murase’s
correlation
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